Psoriasis is a chronic inflammatory skin disease with a clear genetic contribution, characterized by keratinocyte proliferation and immune cell infiltration. Various closely interacting cell types, including innate immune cells, T cells, and keratinocytes, are known to contribute to inflammation. Innate immune cells most likely initiate the inflammatory process by secretion of IL-23. IL-23 mediates expansion of T helper 17 (Th17) cells, whose effector functions, including IL-17A, activate keratinocytes. Keratinocyte activation in turn results in cell proliferation and chemokine expression, the latter of which fuels the inflammatory process through further immune cell recruitment. One question that remains largely unanswered is how genetic susceptibility contributes to this process and, specifically, which cell type causes disease due to psoriasis-specific genetic alterations. Here we describe a mouse model based on the human psoriasis susceptibility locus TNIP1, also referred to as ABIN1, whose gene product is a negative regulator of various inflammatory signaling pathways, including the Toll-like receptor pathway in innate immune cells. We find that Tnip1-deficient mice recapitulate major features of psoriasis on pathological, genomic, and therapeutic levels. Different genetic approaches, including tissue-specific gene deletion and the use of various inflammatory triggers, reveal that Tnip1 controls not only immune cells, but also keratinocyte biology. Loss of Tnip1 in keratinocytes leads to deregulation of IL-17-induced gene expression and exaggerated chemokine production in vitro and overt psoriasis-like inflammation in vivo. Together, the data establish Tnip1 as a critical regulator of IL-17 biology and reveal a causal role of keratinocytes in the pathogenesis of psoriasis.
Psoriasis is a chronic inflammatory skin disease with a clear genetic contribution, characterized by keratinocyte proliferation and immune cell infiltration. Various closely interacting cell types, including innate immune cells, T cells, and keratinocytes, are known to contribute to inflammation. Innate immune cells most likely initiate the inflammatory process by secretion of IL-23. IL-23 mediates expansion of T helper 17 (Th17) cells, whose effector functions, including IL-17A, activate keratinocytes. Keratinocyte activation in turn results in cell proliferation and chemokine expression, the latter of which fuels the inflammatory process through further immune cell recruitment. One question that remains largely unanswered is how genetic susceptibility contributes to this process and, specifically, which cell type causes disease due to psoriasis-specific genetic alterations. Here we describe a mouse model based on the human psoriasis susceptibility locus TNIP1, also referred to as ABIN1, whose gene product is a negative regulator of various inflammatory signaling pathways, including the Toll-like receptor pathway in innate immune cells. We find that Tnip1-deficient mice recapitulate major features of psoriasis on pathological, genomic, and therapeutic levels. Different genetic approaches, including tissue-specific gene deletion and the use of various inflammatory triggers, reveal that Tnip1 controls not only immune cells, but also keratinocyte biology. Loss of Tnip1 in keratinocytes leads to deregulation of IL-17-induced gene expression and exaggerated chemokine production in vitro and overt psoriasis-like inflammation in vivo. Together, the data establish Tnip1 as a critical regulator of IL-17 biology and reveal a causal role of keratinocytes in the pathogenesis of psoriasis.
T he etiology of psoriasis is complex and involves both genetic and environmental risk factors. The latter include physical stress and exogenous inflammatory triggers, which may lead to transient inflammation in healthy subjects; however, in genetically susceptible individuals, the same exogenous triggers lead to improper containment of inflammation and eventually psoriasis disease, characterized by skin infiltrations with various immune cell types and keratinocyte proliferation (1) . Thus, genetic susceptibility provides the basis for inadequate interpretation and containment of inflammatory triggers.
Significant progress in the understanding of the pathogenesis and treatment of psoriasis has been made in the last several years (2) . Detailed animal models and therapeutic studies in humans have revealed a key role of immune cells and the so-called "IL-23/ IL-17 axis," where activated myeloid cells, possibly on exposure to a less well-defined Toll-like receptor (TLR) agonist, produce IL-23, which activates specific T-cell subsets to produce IL-17 (3) (4) (5) . Other major contributors to psoriasis are nonhematopoietic cells, specifically keratinocytes and fibroblasts, which produce various factors, including chemokines, particularly on IL-17 exposure. Chemokines, in turn, have various functions, including recruitment of immune cells into the skin, such as IL-23-producing myeloid cells and IL-17-producing T-cells, as well as neutrophilic granulocytes forming pathognomonic microabscesses (6) (7) (8) (9) . As such, two major entities-IL-23-and IL-17-producing immune cells and chemokine-producing nonhematopoietic cells-appear to be critical constituents of an amplifying feed forward loop that promotes disease (2, 10) .
One major question is which of these processes are actually deregulated due to psoriasis-specific genetic alterations and which merely follow the physiological sequelae of inflammation biology. For example, it is currently unclear whether it is primarily immune cell biology that is deregulated (e.g., in form of exaggerated IL-23 and IL-17 production), or if keratinocyte biology is at the root of the problem (e.g., via increased production of chemokines). Although therapeutic approaches targeting key inflammatory effector mechanisms, such as IL-23 and IL-17, are producing important benefits in a large percentage of patients, it is likely that a better understanding of causative factors will be relevant to further improve therapeutic strategies, not least from the perspective of prevention (11) (12) (13) .
An important advance in psoriasis research is the identification of various genetic psoriasis loci, which provide the basis for the aforementioned genetic susceptibility. Genes identified in these loci span an array of possible activities, including adaptive immune cell functions and cytokine regulation. Their precise functions and roles in various cell types are just beginning to Significance Psoriasis is a complex inflammatory disease with clear genetic contribution that affects roughly 2% of the population in Europe and North America. Inflammation of the skin, and in many cases the joints, leads to severe clinical symptoms, including disfiguration and disability. Immune cells and their inflammatory effector functions have been identified as critical factors for disease development; however, how genetic susceptibility contributes to disease remains largely unclear. Here we developed mouse models based on the gene TNIP1, whose loss-of-function in humans is linked to psoriasis. Based on these models, we provide evidence that nonimmune cells, specifically skin-resident keratinocytes, contribute causally to disease. This work shifts attention to keratinocytes as causal contributors and therapeutic targets in psoriasis.
emerge, however. In part, this limited understanding in disease causality is due to the just-starting implementation of respective mouse models that are based on human susceptibility factors (14, 15) . One defined susceptibility locus is TNIP1 (TNFAIP3-interacting protein 1), which encodes a protein with established negative regulatory function in the TNFR and TLR pathways (16) (17) (18) (19) . We had previously identified TNIP1/ABIN1 (A20-binding inhibitor of NF-kappa-B activation 1) proteomically as part of the TLR signaling complex, and more detailed work based on macrophages derived from Tnip1 −/− mice revealed a critical function of TNIP1/ABIN1 in the C/EBPβ pathway, controlling a small, selective number of TLR target genes (19) . Genome-wide association studies (GWAS) revealed several psoriasis-specific singlenucleotide polymorphisms in the intergenic (noncoding) region upstream of TNIP1, and more detailed analysis of the skin of psoriasis patients with respective polymorphisms demonstrated significantly reduced Tnip1 expression, strongly suggesting loss of function of TNIP1 as a cause for disease susceptibility (16) . As mentioned above, on the basis of such genetic predisposition, partially defined exogenous factors, such as physical stress or drug-mediated TLR7 activation, appear to instigate deregulated gene expression, resulting in exaggerated inflammation and overt disease flares. The hypothesis that reduced expression of TNIP1 provides a defined genetic susceptibility factor for psoriasis is supported by experiments based on deletion of Tnip1 in myeloid cells, resulting in increased production of TLR-induced cytokines, including IL-23, as well as increased skin inflammation on exposure to the TLR7 agonist imiquimod (IMQ) (19, 20) .
Here we investigated mouse strains with germ line-or keratinocyte-specific deletion of Tnip1, resulting in loss of function of Tnip1 in all tissues or selectively in keratinocytes, respectively. Based on detailed pathological, immunological, transcriptional, and therapeutic analyses, we found that loss of Tnip1 function and exposure to proinflammatory triggers lead to an inflammatory skin disease with major characteristics of human psoriasis. Using these novel models, we investigated the contribution of different cell types and major inflammatory factors, including IL-17, in disease pathogenesis. We found that Tnip1 directly controls IL-17-mediated chemokine regulation in nonhematopoietic cells, which contribute causally to disease development.
Results

IMQ Triggers a Psoriasis-Like Disease in Tnip1
−/− Mice. IMQ, a synthetic TLR7 agonist, has been shown to trigger and exacerbate psoriasis flares in susceptible patients on topical application (21) (22) (23) (24) . In wildtype (WT) mice, repetitive skin application of IMQ at higher concentrations (here referred to as IMQ high ) was shown to induce skin inflammation that displays symptoms similar to psoriasis (25) ; however, more detailed, transcriptome-based cross-species comparison studies revealed that IMQ high induced not only psoriasis-specific genes, but also a large number of unrelated genes (15) . This observation is not entirely unexpected, because TLR activation results in extensive changes in gene expression, most likely exceeding psoriasis-specific deregulation in favor of a more general inflammatory immune response.
Given the clear genetic contribution to psoriasis and aforementioned observations in susceptible patients, we hypothesized that loss of Tnip1 function might contribute the psoriasis-specific genetic basis for increased sensitivity against IMQ. To test this hypothesis, we treated Tnip1 −/− mice with a low concentration of IMQ that did not provoke overt disease symptoms in WT mice akin to healthy human subjects. Indeed, topical low-dose IMQ treatment of Tnip1 −/− mice for 6 d resulted in progressive development of psoriasis-like skin symptoms, macroscopically apparent by increasing redness and scaling ( Fig. 1 A and B) . Microscopy revealed psoriasis-specific pathology characterized by epidermal thickening (acanthosis), elongated rete-like ridges, papillomatosis, retention of nuclei within corneocytes (parakeratosis), and infiltrations with different immune cell types, including neutrophils forming epidermal microabscesses ( Fig. 1  C and D) . CD3 + T cells were particularly accentuated in the epidermis but were also scattered throughout the dermis, similar to more recent reports (26) (27) (28) (Fig. S1A ). Phenotyping and quantification of immune cell types by flow cytometry revealed significant increases in neutrophils, dendritic cells (DCs), monocytes and monocyte-derived DCs, as well as IL-17A + T cells, mainly expressing γ/δ T-cell receptors (TCRs) (Fig. 1E and Fig. S1B ). This T-cell subset dominates in mouse skin, but also has been identified in high numbers in human patients (26, 27) . Neither IL-17 + T cells nor neutrophils were detected at increased numbers in the skin of untreated Tnip1 −/− mice. mRNA analysis of skin samples by quantitative PCR (qPCR) over time revealed strong upregulation of psoriasis-associated genes in Tnip1 −/− mice already at 2 d after IMQ treatment, which was largely sustained until day 6 ( Fig.  1F and Fig. S1C ). Consistent with human disease, these included members of the IL-12, IL-17, IL-1, S100A, keratin, antimicrobial peptide (AMP), and chemokine families ( Fig. 1F and Fig. S1C ).
To further test the similarity with human disease, we analyzed the transcriptome data of IMQ-treated mice by RNA sequencing (RNAseq) and performed cross-species analyses with human transcriptome data derived from psoriasis patients and healthy subjects. Intriguingly, the vast majority of genes deregulated in Tnip1 −/− mice correlated with their human counterparts, with respect to both up-regulated genes (273 genes) and down-regulated genes (421 genes) ( Fig. 2A , Upper, and Table S1 ). Among the total number of genes deregulated in either the mouse model or human psoriasis patients, 90% displayed concordant regulation. Only a small set of genes (i.e., 36 and 41 genes) showed discordant regulation ( Fig. 2A) , supporting the interpretation that gene deregulation in Tnip1 −/− mice reflects a psoriasis-specific pattern rather than being the consequence of an overall exaggerated inflammatory skin response. It is interesting to note that this correlation between mouse and human was not limited to genes expressed at high levels, but was rather evident for the entire set of genes, resulting in a tilting of the overall gene cloud toward a common axis and a Pearson correlation coefficient of 0.51 ( Fig. 2A) . Taken together, the foregoing data demonstrate that loss of Tnip1 function leads to genetic susceptibility against IMQ, akin to human disease. As expected, Gene Ontology (GO) analysis highlighted gene sets known to be affected in psoriasis, such as epidermal development, immune/defense response, proteolysis, and response to wounding (Fig. 2B) . A complete list of genes and GO categories is provided in Table S2 .
To further establish how specifically the gene expression profile of Tnip1 −/− mice matched psoriasis, we performed a cross-species comparison with another human inflammatory skin disease, atopic eczema. Hardly any correlation was observed between Tnip1 −/− mice and this human disease ( Fig. 2A, Lower) . A lack of correlation was obvious for highly deregulated genes, which were distributed almost equally among the four quadrants; it was also apparent for less strongly deregulated genes, which followed a more symmetrical distribution throughout the four quadrants. Lack of correlation between the Tnip1 −/− mouse model and human atopic eczema translated to a low Pearson correlation coefficient of 0.12 ( Fig. 2A, Lower) . These observations further support the interpretation that the skin inflammation observed in IMQ-treated Tnip1 −/− mice corresponds to human psoriasis, rather than reflecting a nonspecific skin pathology following a common inflammatory insult. In summary, Tnip1 −/− mice are susceptible to the development of a psoriasislike disease (triggered by IMQ) with major characteristics of human disease on both pathological and gene regulatory levels.
Lymphocytes and IL-17 Are Critically Involved in Psoriasis-Like Disease in Tnip1 −/− Mice. As mentioned earlier, T lymphocytes have been identified as important contributors to psoriasis in human disease (29) . To evaluate the contribution of lymphocytes in general, we crossed Tnip1 −/− mice to Rag1-deficient mice, which lack mature B and T cells (30) . After IMQ treatment, all disease parameters measured, including redness, scaling, histological parameters (i.e., elongated rete-like ridges, papillomatosis, parakeratosis, inflammation, epidermal thickening, formation of microabscesses) and gene deregulation were significantly ameliorated in Rag1-deficient Tnip1 −/− mice, consistent with human disease (Fig. 3 A-F and Fig. S2 ).
To directly test the role of IL-17A, we crossed Tnip1 −/− mice to Il17a −/− mice, followed by an IMQ challenge. Consistent with an important role of IL-17A in skin inflammation, disease symptoms, including gene deregulation, were reduced, although not completely prevented, in the Tnip1 −/− Il17a −/− mice (Fig. S3 ). It is interesting to note that deregulation of Il17c, a known contributor to psoriasis that is produced primarily by keratinocytes, was also prevented in Tnip1 −/− Rag1 −/− mice, but not significantly reduced in Il17a −/− mice (Figs. S2 and S3E). As such, IL-17C activation appears to follow lymphocyte-derived but IL-17A-independent signals, which may explain the partial protection from psoriasis by selective deletion of Il17a (31).
To investigate this possibility, we treated Tnip1 −/− mice with IMQ in the presence of neutralizing antibodies against the IL-17 receptor IL-17RA, which transduces signaling by both IL-17A and IL-17C (31). IL-17RA blockade indeed almost completely prevented IMQ-induced psoriasis in Tnip1 −/− mice ( Fig. 3 G-K), close to the effectiveness seen in Rag1-deficient mice and more effectively than in Il17a −/− mice ( Fig. 3 and Fig. S3 ). These data are consistent with the interpretation that different IL-17 family members, most likely IL-17A and IL-17C, contribute to the psoriasis-like skin inflammation in Tnip1 −/− mice. Taken together, these results demonstrate a critical role for immune cells, specifically lymphocytes, and IL-17 for disease development in Tnip1 Data represent mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, Student's t test. Co, control. Results from one representative experiment of two independent experiments are shown.
that IL-23 also may result in increased inflammation in Tnip1 −/− mice, similar to IMQ (25, (32) (33) (34) (35) . We tested this hypothesis by injecting IL-23 directly into the ear skin of WT and Tnip1 −/− mice, followed by analysis of psoriasis-related symptoms. Indeed, the Tnip1 −/− mice developed a significantly stronger psoriasislike disease than the WT animals, as determined by ear thickness and histopathology, including inflammation and epidermal thickness (Fig. 4 A-C) . Interestingly, particularly keratinocytederived genes, such as Lcn2, Il17c, S100a-and Sprr family members, and chemokines (Cxcl1 and Ccl20) were up-regulated in the skin of Tnip1 −/− mice, and genes expressed primarily in T cells, such as Il-17a and IL-22, were expressed at a similar level (Fig. 4D and Fig. S4A ). These data indicate that the activity of IL-23, acting directly on T cells to trigger IL-17A and IL-22 production, was comparable in WT and Tnip1 −/− cells. In contrast, biological effects mediated by IL-17A, specifically keratinocyte activation, appeared to be deregulated in Tnip1 −/− mice. To confirm that IL-23 mediates its inflammatory effects via IL-17A, we challenged mice by IL-23 injection in the presence of neutralizing antibodies against IL-17A. Histopathology, including measurement of epithelial thickness and neutrophil recruitment, and measurement of ear thickness and gene expression collectively confirmed the critical role of IL-17A in IL-23-induced disease in Tnip1 −/− mice ( Fig. 4 E-H and Fig. S4B ). Given the significant deregulation of keratinocyte-derived genes on IL-23 injection and its dependence on IL-17A, we tested whether IL-17A-induced biology itself might be affected by loss of Tnip1 function. Indeed, direct injection of IL-17A into the ear skin led to a significantly increased appearance of disease symptoms, including ear thickness, epidermal thickness, inflammation, and activation of IL-17A target genes, such as Cxcl1, Ccl20, and Lcn2 (8) (Fig. 5 A-D and Fig. S5A ). In summary, data based on IL-23 and IL-17A injection and neutralizing antibodies against IL-17A confirm that IL-23 acts via IL-17A; however, the data also suggest that IL-17A-mediated biology itself, most likely acting on skin-resident nonhematopoietic cells, may be controlled by Tnip1.
Tnip1 Activity in Nonhematopoietic Cells Is Required for Protection from IL-17A-Mediated Skin Disease. To test the hypothesis that Tnip1 expression in nonhematopoietic cells contributes to IL-17-driven skin disease, we generated bone marrow (BM) chimeric mice by transfer of WT or Tnip1 −/− BM cells into Tnip1 +/+ or Tnip1 −/− recipient mice, followed by IL-17A injection into the skin of the ear. IL-17A injection into Tnip1 −/− recipient mice reconstituted with WT BM induced the strongest disease symptoms, as determined by histopathology and epidermal thickness ( Fig. 5 E and F) . Disease was much less apparent in WT mice reconstituted with Tnip1 −/− BM and in WT mice reconstituted with WT BM (Fig. 5 E and F) . Increased pathology was mirrored by strongly increased gene deregulation in Tnip1 −/− recipient mice ( Fig. 5G and Fig. S5B ). Genes deregulated in Tnip1 −/− recipient mice included Il17c, whose autoregulatory function along with IL-36γ is likely to amplify inflammation (Fig. 5G) (31, 36) . As such, these data strongly suggest that IL-17A mediates skin pathology via nonhematopoietic cells lacking Tnip1 function.
To directly investigate whether Tnip1 controls IL-17A-induced gene regulation in nonhematopoietic cells, we isolated primary keratinocytes and fibroblasts from WT and Tnip1 Table S1 . The color display is based on bin counts (bc; Materials and Methods): blue, bc <10; cyan, bc 10-49; yellow, bc 50-99; orange, bc 100-250; red, bc ≥250. (B) Heat map of selected genes and GO categories based on RNAseq from skin of Tnip1 +/+ and Tnip1 −/− mice that were treated for 2 d with IMQ (P < 0.05, log ratio > 2). A complete list of genes is provided in Table S2 .
both cell types and CCL20 on fibroblasts in a time-dependent manner. As expected from the in vivo experiments, Tnip1 −/− cells indeed displayed strongly up-regulated chemokine expression, which was apparent throughout the time period investigated (Fig. 5 H-J) . As such, these data and the foregoing BM chimeric experiments demonstrate that Tnip1 controls IL-17A-mediated gene regulation in keratinocytes and fibroblasts, and highlight the contribution of gene deregulation in skin-resident nonhematopoietic cells to psoriatic skin inflammation.
As mentioned earlier, CD11c-driven deletion of Tnip1, which deletes Tnip1 expression most likely in myeloid cells, has been shown to mediate susceptibility to skin inflammation on IMQ treatment (20) . Thus, we also tested the effect of IMQ in BM chimeric mice. Tnip1 +/+ mice reconstituted with BM from Tnip1 −/− mice and treated with IMQ showed increased inflammation compared with mice reconstituted with WT BM (Fig. S6) . These data confirm results obtained by Callahan et al. (20) and suggest that Tnip1 acts in immune cells, most likely myeloid cells, to counteract inflammation during IMQ treatment. Collectively, these data provide further support to a hierarchical model of events where Tnip1 acts upstream in IMQ (TLR7)-induced myeloid cells and downstream in IL-17-activated keratinocytes to counteract inflammation (Fig. 6K) .
Loss of Tnip1 Function in Keratinocytes Promotes Psoriasis Inflammation.
To confirm the foregoing data suggesting a critical role of Tnip1 in nonhematopoietic cells, and to directly assess a cell typeintrinsic function of Tnip1 in keratinocytes, we established a conditional Tnip1 mouse model based on site-specific recombination of LoxP sites by Cre-recombinase (Cre) (Tnip1
, also referred to as Tnip1 f/f ) (Fig. S7A) . To delete Tnip1 in epidermal keratinocytes, Tnip1 flox/flox mice were crossed to K14-Cre mice, which express Cre recombinase under control of the Keratin 14 (K14) promoter (37) . Efficient, keratinocyte-specific deletion of Tnip1 was confirmed by immunoblotting based on keratinocytes and splenocytes isolated from Tnip1 flox/flox K14-Cre and Tnip1 flox/flox control mice (Fig. S7B) . As expected, no spontaneous overt disease phenotype was observed in Tnip1 flox/flox K14-Cre mice. These mice were treated with IMQ, and skin inflammation and gene expression were analyzed. As expected from BM chimeric mice, keratinocyte-specific Tnip1 deletion resulted in apparent disease symptoms, including redness and scaling and histopathological correlates of psoriasis, including epidermal thickness and microabscess formation (Fig. 6 A-D) . Disease correlated with the appearance of CD11b + myeloid cells, including Ly6G high neutrophils, as well as IL-17A-producing γ/δ T cells in the skin, akin to mice with the germ-line Tnip1 deletion described above (Fig. 6 E and F) . Accordingly, genes associated isotype control antibodies and analyzed by macroscopic appearance (G), skin scaling by macroscopic severity score (H), microscopy of H&E-stained sections of back skin (I), microscopic measurement of epidermal thickness of back skin (J), and qPCR analysis of mRNA levels in back skin (K). (Scale bars: 20 μm.) Data represent mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, Student's t test. Results from one representative experiment of two independent experiments are shown.
with psoriasis, including members of the IL-12, IL-17, IL-1, S100A, keratin, AMP, and chemokine families, were strongly deregulated ( Fig. 6G and Fig. S8 ). Given the foregoing findings demonstrating a critical function of Tnip1 in keratinocytes during IL-17 stimulation, we also tested the effect of IL-17 treatment in vivo in Tnip1 flox/flox K14-Cre mice. As expected, ear injection of IL-17A led to significant psoriasis symptoms in Tnip1 flox/flox K14-Cre mice, confirming the critical function of Tnip1 in keratinocytes during IL-17 activation in vivo (Fig. 6 H-J) . In summary, the data demonstrate that Tnip1 is an essential regulator of IL-17 biology, and that loss of Tnip1 function in keratinocytes provides a critical contribution to the genetic susceptibility for psoriasis-like skin disease.
Discussion
Here we have characterized a mouse model for psoriasis based on the human susceptibility locus TNIP1, whose reduced expression in humans and apparent susceptibility in mice strongly suggest a hypomorphic or loss-of-function phenotype (16) . The TNIP1 locus also has been linked genetically to the inflammatory disease systemic lupus erythematosus (SLE), and cells of humans with respective polymorphism have been found to express less TNIP1, also suggesting a loss-of-function phenotype (38) (39) (40) (41) .
Consistent with this interpretation, Tnip1
−/− mice were found to develop a progressive SLE-like disease with typical manifestations in parenchymatous organs, particularly the kidney glomeruli (19) . Based on detailed pathology analysis, no lupus-like skin manifestations were observed in Tnip1 −/− mice, neither constitutively nor on exposure to any of the triggers investigated, including IMQ, IL-23, or IL-17. As expected from previous experiments demonstrating that SLE-like disease is mediated by hematopoietic cells (19) , mice with keratinocyte-specific deletion of Tnip1 did not show any lupus-like symptoms, but were susceptible to IMQ-induced psoriasis. As such, loss of Tnip1 function predisposes to two inflammatory diseases, psoriasis and lupus-like disease, which proceed independent of each other (in mouse and human) and involve different cell types.
In this work, we have focused on the role of Tnip1 in the skin and established a profound similarity between the mouse model and human psoriasis, based on detailed pathological, genomic, and therapeutic experiments. Pathology includes the typical epidermal symptoms reflecting changes in keratinocyte biology, as well as inflammation reflecting immune cell infiltrations with typical cell types, including myeloid cells, such as neutrophils, and T cells, particularly IL-17A-producing γ/δ T cells. The inflamed skin of mice is known to display an overall bias toward γ/δ T cells, whereas in humans α/β T cells prevail. More recently, however, IL-17-producing γ/δ T cells were also identified at high numbers in human psoriatic skin lesions, indicating a pathogenically relevant function (26) . Interestingly, whereas γ/δ T cells were also identified as the primary cell type in a mouse model of IL-23-induced psoriasis, experiments based on BM chimeric mice and genetically deleted γ/δ T cells have suggested that α/β T cells can compensate for γ/δ T cells, indicating functional plasticity among IL-17-producing T-cell subsets (42) . As such, the relative differences in the numbers of these T-cell subsets may be less relevant for disease development than the total number of IL-17-producing T cells. The similarity between the Tnip1 −/− /IMQ model and human disease is underscored by our analysis of gene regulation, which revealed several important points. First, there is a remarkable overall congruency of gene regulation between mouse and human skin, with 90% of genes being coherently deregulated in mouse model and human psoriasis (based on a cross-species comparison) ( Fig. 2A and Table S2 ). Second, the genomic similarity between Tnip1 −/− mice and psoriasis is sharply contrasted by the largely disparate pattern of gene regulation between Tnip1 −/− mice and atopic eczema, strongly supporting the interpretation that the disease in Tnip1 −/− mice replicates psoriasis, not skin inflammation in general. Third, the commonly deregulated genes include the major psoriasis signature genes and categories, as well as more recently identified factors, such as complement C3 and members of the IL-36 family, including the IL-36 antagonist Il36rn (42, 43) . Even though it may be argued that the similarity between Tnip1 −/− mice and human psoriasis does not come as a surprise, given their genetic relationship, it is this relationship that endows investigations related to the complex interplay of different cell types. Consistent with this interpretation, disease symptoms in Tnip1 −/− mice are significantly ameliorated by genetic deletion of lymphocytes (including T cells) or therapeutic interference with IL-17, an established, T-cell-derived pathogenicity factor in humans, and, conversely, disease symptoms are exaggerated by injection with IL-23 and IL-17A. The roles of other factors with established relevance in human disease, including TNFα, remain to be investigated.
As mentioned earlier, the IMQ-driven inflammatory skin phenotype in Tnip1 −/− mice was expected based on human case report studies and earlier reports demonstrating that Tnip1 deletion in and Tnip1 −/− mice (n = 5 mice per group) were lethally irradiated and then reconstituted with BM from Tnip1 +/+ and Tnip1 −/− mice, as indicated. Reconstituted mice were challenged by intradermal injection with IL-17A for 4 d, followed by microscopic analysis of H&E-stained sections of ear skin (E), measurement of epidermal thickness (F), and qPCR analysis of mRNA from ear skin (G). (H-J) Keratinocytes (H) and dermal fibroblasts (I and J) were isolated from Tnip1 +/+ and Tnip1 −/− mice and stimulated in vitro with IL-17A for the indicated time periods, followed by measurement of released chemokines in the supernatant. n = 3 biological replicates per group and time point. (Scale bars: 20 μm.) Data represent mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, Student's t test. Results from one representative experiment of two independent experiments are shown.
myeloid cells resulted in up-regulation of TLR-induced IL-23 and increased inflammatory symptoms in IMQ-treated mice (20) . In turn, the susceptibility against IL-17A described here was more surprising given the relative narrow cell tropism of IL-17 on largely nonhematopoietic cells, which indicated a hitherto undefined function of Tnip1. This hypothesis was confirmed by experiments based on BM chimeras and keratinocyte-specific Tnip1 deletion and, not least, analysis of chemokine release in vitro from IL-17-stimulated keratinocytes and fibroblasts. Collectively, these data and data from previous work demonstrate that TNIP1/ABIN1 controls proinflammatory factors acting at different stages of psoriatic inflammation, i.e., both myeloid cells and nonhematopoietic cells (19, 20) . Whereas TLR-induced Tnip1-deficient myeloid cells produce increased amounts of IL-23, thereby promoting T-cell expansion and IL-17A production, Tnip1-deficient keratinocytes and fibroblast respond to IL-17 by increased production of chemokines (and other factors), promoting keratinocyte proliferation and further immune cell recruitment. These data contribute important information to the long-standing dispute about the pathogenic roles of immune cells vs. nonimmune cells in psoriasis and strongly favor a model in which defective anti-inflammatory mechanisms in different cell types allow for the reciprocal buildup of inflammation and disease (Fig. 6K) . From a mechanistic standpoint, the function of TNIP1/ABIN1 in IL-17 biology is not entirely unexpected. We have identified ABIN1 as part of the TLR signaling complex, and more detailed analyses revealed that both the ubiquitin-binding motif contained in ABIN1 and the ubiquitin ligase TRAF6, a core component of the TLR pathway, are required for ABIN1 engagement (19, 44) . Thus, it seems possible that TRAF6-mediated synthesis of polyubiquitin chains is the basis for (and possibly the target of) ABIN1-mediated anti-inflammatory activity. IL-17R signaling also has been shown to involve TRAF6, providing a common denominator in both TLR and IL-17R signal transduction pathways (45) . Moreover, ABIN1 was originally identified as interacting protein of A20, an anti-inflammatory protein with deubiquitinating activity that is also linked by GWAS to psoriasis (16, 18) . Overexpression of A20 along with ABIN1 revealed synergistic negative regulatory - activity in the TNFR pathway, indicating that ABIN1 may serve as an adaptor protein to target A20 to ubiquitinated proteins, including IKKγ/NEMO, which controls NF-κB activation (18, 46) . Interestingly, A20 has been shown to counteract IL-17R-mediated signaling, at least in cell lines in vitro (47) . Assembling all of these pieces of information into a unifying model, it seems possible that ABIN1 and A20 proteins act together in different major inflammatory signaling pathways, including the TNFRI, TLRs, and IL-17R, with ABIN1 providing substrate specificity for A20 via its ubiquitin-binding moiety. It should be noted, however, that several aspects of this model are not yet supported by experimental data, and some that observations suggest a more complex scenario. For example, A20, but not ABIN1, has been linked genetically to rheumatoid arthritis, suggesting nonoverlapping (independent) functions of the two proteins (48, 49) . Moreover, keratinocytespecific deletion of A20 (Tnfaip3) was found to result in increased keratinocyte proliferation and various ectodermal organ abnormalities, which are not observed in Tnip1 −/− mice (50). Not least, TLR activation of A20-deficient myeloid cells has been shown to lead to deregulation of the NF-κB pathway, whereas ABIN1-deficient cells do not recapitulate this phenotype, but rather exhibit a select increase in C/EBPβ activity (19, 51) . The latter observation is particularly interesting in the context of IL-17-induced gene regulation, given that C/EBP family members appear to be important regulators of IL-17-mediated gene activation (52, 53) . Taken together, genetic and limited biochemical evidence support a model in which ABIN1 controls part of the spectrum of A20-mediated activities, although the possibility of independent activities cannot be dismissed. In any case, the data shown here establish TNIP1/ABIN1as a critical factor controlling IL-17 biology in nonhematopoietic cells (i.e., keratinocytes and fibroblasts) both in vivo and in vitro, providing an important piece of information about which cells contribute causally to psoriasis.
Materials and Methods
Mice. Tnip1
−/− mice, based on the ES cell clone E059E05 (obtained from the German Gene Trap Consortium), were backcrossed to a C57BL/6 background for more than 10 generations and have been described previously (19) . All mouse strains used were on a C57BL/6 background. Rag1 tm1Mom (Rag1 IMQ Treatment, Cytokine Injection, and Neutralization of IL-17A and IL-17RA.
Mice at 8-12 wk of age received a daily topical dose of 32 mg of 5% IMQ cream (Perrigo; corresponding to 1.6 mg of the active compound), unless otherwise stated, for 5-6 consecutive days on the Nair crème-treated and shaved back. The severity of the scaling was scored on a scale of 0-4 (0, none; 1, slight; 2, moderate; 3, marked; 4, very marked). Intradermal injections in the ears were performed every other day for 14 d with either recombinant mouse IL-23 (100 ng; R&D Systems) or recombinant mouse IL-17A (100 ng; R&D Systems) in a total volume of 20 μL using a 30G needle under isoflurane anesthesia. Ear thickness was measured using a digital micrometer (Mitutoyo) by an observer blinded to treatment conditions and mouse genotype. In Vitro Culture and Functional Assays of Keratinocytes and Fibroblasts. Keratinocytes and dermal fibroblasts were prepared as described previously (57) and detailed in SI Materials and Methods.
Antibodies and Flow Cytometry. For flow cytometry testing of skin T cells and neutrophils, the back skin of mice was cut into small pieces and digested with 0.35% collagenase type I (Worthington) for 30 min at 37°C, followed by treatment with 20 μg/mL DNase (Sigma-Aldrich) for 15 min at 37°C. Flow cytometry of skin DCs and monocytes was performed following the extraction procedure and gating strategy described by Malosse et al. (58) . In brief, the back skin of mice was cut into small pieces and digested with 0.15% collagenase 4 and 0.05% DNase for 90 min at 37°C. Single-cell suspensions were obtained by passing cell preparation through 100-μm and 40-μm cell strainers. DCs were identified as lineage-negative (CD19 − DCs), as described previously (58) . Antibodies used for staining are described in SI Materials and Methods. For intracellular cytokine staining, isolated cells were stimulated with phorbol 12-myristate 13-acetate (5 ng/mL; Sigma-Aldrich) and ionomycin (500 ng/mL; Sigma-Aldrich). GolgiStop (BD Biosciences) was added 1 h later, followed by incubation for another 4 h. Stimulated cells were stained for extracellular markers, followed by fixation and permeabilization using the Cytofix/Cytoperm Kit (BD Biosciences). Samples were analyzed with a FACSCanto II flow cytometer (BD Bioscience) and FlowJo 7.6.5 software.
Histology and Immunofluorescence. Standard procedures were used as detailed in SI Materials and Methods.
RNA Analysis by RNAseq and qPCR. RNA-based analyses, including computational analyses, were based on total RNA obtained from snap-frozen skin biopsy specimens, as described in detail in SI Materials and Methods (59) (60) (61) (62) . RNAseq data of mouse samples have been deposited (GSE85891) in the Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/geo). The genes and primer sequences used for qPCR are listed in Table S3 .
ELISA. CXCL1 and CCL20 levels in the cell culture supernatant were determined using the DuoSet ELISA Development Kit (R&D Systems) according to the manufacturer's instructions.
Statistics. All data are expressed as mean ± SD. Statistically significant differences were assessed by the two-tailed Student's t test for two groups.
